Pro-oxidants, reactive species and free radicals, are toxic substances that can cause oxidative damage to major constituents of biological systems. In contradistinction, antioxidants are defined as any substance that significantly prevents the pro-oxidant-initiated oxidation of a substrate. Consequently, it was suggested that it might be possible to reduce free radical damage and thus cancer risk through 3 dietary changes: (1) caloric reduction, that is, lowering the level of free radical reactions arising in the course of normal metabolism; (2) minimize dietary components that increase the level of free radical reactions (eg, polyunsaturated fats); and (3) supplement the diet with one or more free radical reaction inhibitors (antioxidants). Lipid peroxidation exemplifies the type of chain reaction initiated by free radicals in (2) and (3). Both the phenolic antioxidant butylated hydroxytoluene (BHT) and the carotenoid β-carotene can terminate such reactions and have been shown to influence ultraviolet (UV) carcinogenesis. However, there is a lack of cor relation between physicochemical and pathophysiological responses in both instances. Whereas the influence on UV carcinogenesis of both antioxidants has been reported to diminish as the level of dietary fat decreases, pointing to the involvement of lipid peroxidative reactions, the mode of BHT's action in inhibiting UV carcinogenesis appears to be related to UV dose diminution through increased spectral absorbance of the stratum corneum. β-carotene has no such effect and may actually exacerbate UV carcinogenesis under certain dietary conditions. This paradox points to the complex relationship between chemical mechanisms and biological mode of action of antioxidants. Recent clinical and experimental data suggest that antioxidant supplementation of the complex and intricately balanced natural antioxidant defense system as a cancer prevention strategy will demand extreme caution.
Free radicals are chemical species characterized by an odd number of orbital electrons or by pairs of electrons of similar directional spin isolated singly in separate orbitals. Consequently, most of these agents are highly reactive and usually exhibit an extremely short half-life, although due to steric and resonance effects, some exceptions occur. For example, the diradical molecular oxygen exists in the triplet state ( 3 O 2 ) and is an essential element of normal metabolism of aerobic organisms. However, even under normal physiologic circumstances, the controlled reduction of oxygen occurs and leads to the formation of the major reactive oxygen species (ROS), that is, superoxide anion, hydrogen peroxide, and hydroxyl radical. Singlet oxygen, while technically not a free radical, is highly reactive and may produce biological effects similar to those of other ROS. In addition to ROS, organisms may be subjected to a wide array of other free radicals (carbon and nitrogen centered), including those of both exogenous and endogenous origin. This is particularly true of the skin, situated at the interface between the body and its environment. Almost every major class of cellular chemical constituent (eg, lipids, nucleic acids, and proteins) is subject to radical attack, providing a rationale for the involvement of free radical reactions in ultraviolet (UV)-induced pathophysiology of a wide spectrum of cutaneous disorders, including carcinogenesis.
Nonmelanoma skin cancer has been the most prevalent malignant disease among whites in the United States, accounting for approximately 1 million new cases annually. 1 Using age-adjusted incidence data based on the 2000 population standard of the United States, the American Cancer Society projects that more than a million new cases of skin cancer will be diagnosed in 2004. Solar UV radiation is known to be the major cause of skin cancer. The rationale for implicating free radical-mediated reactions in UV carcinogenesis rests on a rather convincing body of evidence-albeit mostly circumstantial-that has accrued. This includes the following:
• UV-induced oxidation of skin sterols results in formation of cholesterol epoxide, 3 a putative carcinogen, the formation of which is a sensitive indicator of lipid peroxidation. 4 • Dietarily administered antioxidants inhibit the formation of cholesterol epoxide, with its formation being inversely related to the skin antioxidant content. 5 • UV radiation promotes the formation of stable lipid peroxidation products in skin. 6 • Dietary antioxidants inhibit epidermal lipid peroxidation. 7 • Biological effects of potential free radical-mediated reactions, such as membrane labilization, have been shown to occur in acute and chronically irradiated skin. 8, 9 • Intake of dietary compounds that are highly vulnerable to free radical attack, such as certain polyunsaturated fats, exacerbate UV carcinogenesis. 10, 11 • Dietary antioxidants inhibit UV carcinogenesis at a level roughly equivalent to the degree of exacerbation induced by specific unsaturated fats. 7 Generally, the basis for the hypothesis that free radicals, or reactions mediated by them, play a role in UV carcinogenesis is supported by (1) UV's capacity to generate free radicals in the skin, (2) the capacity of UV-generated free radicals to damage DNA, (3) the ability of UV to diminish antioxidant defenses, and (4) the ability of specific antioxidants to modify UV carcinogenesis.
In 1962, Harman 12, 13 surmised that if free radical reactions contribute to the degradation of biological systems, with subsequent increased cancer risk, then the level of deleterious reactions might be lowered significantly by diet, with a consequential beneficial effect. He suggested 3 reasonable dietary steps that might be taken to control the rate of production of damage by free radicals and thus reduce the risk of cancer. These were 1 . reduce caloric intake, that is, lowering the level of free radical reactions arising in the course of normal metabolism; 2. minimize dietary components, such as polyunsaturated fats, that tend to increase the level of free radical reactions; and 3. supplement the diet with 1 or more free radical reaction inhibitors (antioxidants).
Caloric Reduction
The basis for the first step, that is, lower caloric intake, was to diminish excess levels of harmful radicals resulting from respiratory chain loss. Generation of ROS (superoxide anion, hydrogen peroxide, and hydroxyl radical) usually accounts for about 1% to 2% of the total oxygen consumption under normal reduced meta-bolic conditions. 14 The major sites of radical formation appear to be related to the auto-oxidation of specific electron carriers, notably NADH dehydrogenase and cytochrome b ( Figure 1 ). 15 However, under physiological stress conditions, it is estimated that about 10% of the oxygen consumed in respiratory reactions may be lost as free radicals. 16, 17 In other words, as you stoke up the metabolic fuels, higher levels of endogenous free radicals result.
This rationale for reduced caloric intake was indirectly supported by Tannenbaum's 18 studies in 1940 in which he found that "persons of average weight, or less, were less likely to develop cancer as those who are overweight." This finding was reaffirmed some 63 years later in a large prospective study published by Calle et al 19 in which the authors concluded that "increased body weight was associated with increased death rates for all cancers combined and for cancers at multiple sites." Thus, it appears that the recommendation to reduce caloric intake is effective in achieving some of the benefits attributed to a reduced free radical load.
Miminize Dietary Components That Increase Free Radical Reactions
The second step was to limit the intake of foods that are efficient targets for free radical attack, that is, polyunsaturated fats. The influence of dietary lipid on UV carcinogenesis was first demonstrated by Baumann and Rusch 20 in 1939. The fact that dietary lipid exerts its influence on a basic, underlying facet of cancer development, and not merely altering the nutritional milieu in which the pharmacokinetic action of a chemical cancer incitant may be predicated, lies in the observation that dietary lipid influences carcinogenesis that is induced by a physical agent (ie, UV). It has since been shown that both the level of lipid intake and the source of lipid can influence UV carcinogenesis. It was first demonstrated that the dietary level of omega-6 polyunsaturated fatty acid (linoleic acid [LA]) influenced UV carcinogenic expression (experimental skin cancer), with increasing levels of lipidreducing tumor latent period and increasing tumor multiplicity. 10 The general relationship of the level of this dietary lipid on UV carcinogenic expression is shown in Figure 2 . 21 Using a crossover feeding design, the point along the carcinogenic continuum at which dietary lipid exerted its maximum effect, with regard to tumor multiplicity, was demonstrated to be principally on the postinitiation stage. 22 The usual increase in tumor multiplicity, with higher lipid level, was observed when the respective high-and low-fat diets were fed throughout the experimental period ( Figure 3 ). However, when the low-fat diet was crossed to the highfat diet immediately after the UV irradiation was halted, tumor multiplicity exhibited the same level as having fed the high-fat diet throughout the experimental period. Conversely, when the high-fat diet was crossed to the low-fat diet, tumor multiplicity exhibited the same level as having fed the low-fat diet throughout. These data clearly demonstrated that dietary lipid exerted its principal effect during the postinitiation period. Perhaps more important, these findings suggested that dietary modification, even after cancer-causing exposure to UV, might represent a potentially important intervention strategy in the prevention of nonmelanoma skin cancer.
Although analytical epidemiologic studies have provided the principal evidence associating high dietary fat intake with cancer incidence, [23] [24] [25] these types of studies are fraught with methodological issues that, at times, have yielded inconclusive or conflicting results. 26 With few exceptions, 27 most epidemiologic investigations have found no association with the incidence of skin cancer and dietary fat. [28] [29] [30] [31] However, some of the limitations of observational studies of diet and cancer can be circumvented by randomized intervention designs whereby direct answers to the question of dietary impact on cancer incidence can be obtained. 32 The rationale then for undertaking a dietary intervention to modify nonmelanoma skin cancer (NMSC) occurrence rests on several factors 33 : (1) experimental animal studies have shown that high dietary fat intake exacerbated UV carcinogenesis, principally during the postinitiation period; (2) changing from a high-fat to a low-fat diet after the cancer-causing dose of UV had been administered negated the exacerbating effect of high-fat intake; (3) the high prevalence of NMSC and the identification of the relative risks of skin cancer patients developing subsequent skin cancers within 2 years (28% cumulative rate) 34 made it practical to make significant comparisons within a relatively short-term study; and (4) an intervention design creates a dietary difference that, followed with Free Radicals, Antioxidants, and Cancer INTEGRATIVE CANCER THERAPIES 3(4); 2004 281 Figure 1 Generation of active oxygen species during mitochondrial electron chain transport. 39 Shaded areas denote major sites of free radical generation. Adapted from Freeman and Crapo. 15 Reproduced from Black 39 with permission from the American Society for Photobiology. Figure 2 Relationship of tumor latency and multiplicity to lipid (omega-6 fatty acid) level intake. 21 Regression lines are derived from 15 observations from 6 experiments evaluated in an incomplete block design. Solid line and filled circles indicate the tumor latency period; dashed line and open squares indicate tumor multiplicity. The tumor latent period decreases and tumor multiplicity increases as the level of lipid intake increases. Figure 3 Tumor multiplicity for low versus high dietary fat in a crossover study. 22 Diets high in omega-6 fatty acids enhance tumor expression during the postinitiation stage of ultraviolet (UV) carcinogenesis. When animals are fed low-fat diets after UV initiation, the enhancement of tumor expression by high-fat diets is negated. In contrast, when animals are fed low-fat diets during initiation and then crossed to a high-fat diet immediately after initiation, tumor expression is enhanced to the same degree as having been fed a high-fat diet throughout the experimental period.
frequent dietary assessment, averts many of the problems associated with epidemiologic studies and allows direct comparison of dietary fat exposure and disease status. Such a study was undertaken with 58 patients (presenting with basal or squamous cell carcinomas) being randomly assigned to the control arm in which no dietary changes were introduced. Fifty-seven patients were randomly assigned to the intervention arm in which the patients learned to adopt low-fat eating habits to their food preferences and lifestyles, with a goal of consuming 20% of their caloric intake as fat.
As the study was specifically designed to examine the influence of dietary fat on NMSC, stability of body weight and calorie intake was required to prevent any possible confounding effects due to these variables. There were no significant changes in these parameters, and the success of the dietar y intervention protocol, with respect to meeting the goal of 20% of calories from fat, is reflected in Figure  4 .
The potential benefit of the low-fat intervention became apparent early in the study after only 76 patients had completed. A clear and significant difference in number of actinic keratosis (premalignant lesions) between groups occurred after 8 to 12 months, with patients in the control group diagnosed with new keratoses 4 times as often as those in the lowfat group. Based on diet alone, patients in the control group consuming high levels of fat were found to be at 4.7 times greater risk of having 1 or more actinic keratoses during the 2-year period than were patients in the low-fat intervention group. 35 The influence of the reduction in the percentage of calories as fat on NMSC occurrence (basal and squamous cell carcinoma) was significant after 101 patients had completed the study 36 and became even stronger after all 115 patients completed. 37, 38 When skin cancer occurrence was examined in 8-month intervals across the 2year period, occurrence in the control group did not change significantly from the baseline period. However, cancer occurrence in the intervention group was significantly lower (P < .02) in the last 8-month evaluation period ( Table 1 ). The cumulative rate of occurrence of NMSC (cumulative NMSC/patient/time period) was 0.21 and 0.19 during the first 8-month period of the study and 0.26 and 0.02 during the last 8month period for control and intervention groups, respectively ( Figure 5 ).
Experimentally, animal data clearly demonstrate that level of dietary lipid can have a significant influence on UV-induced carcinogenic expression. Results from the clinical intervention trial not only validated the relevancy of the animal/UV/dietary model but also demonstrated that a decrease in percentage of calories consumed as fat reduced the occurrence of premalignant actinic keratosis and NMSC. These data are compatible with step 2 of the dietary recommendations to reduce the rate of production of free radicals, although, as we shall see, this recommendation is not as straightforward as it must have appeared in 1962.
Lipid peroxidation. Whereas the reactivity of free radicals may proceed via several routes, of particular interest with respect to cancer are those reactions that result in lipid peroxidation. 39 Lipid peroxidation, as year study period. Each of the last two 8month periods, within each dietary group, was compared to their respective initial 8-month period. In addition, the corresponding 8month periods of the 2 dietary groups were compared. Cancer occurrence (NMSC/patient) in the dietary intervention group declined by the last 8-month period compared to the control group (0.02 vs 0.26 cancers/patient). The incidence (numbers of patients with NMSC) in the intervention group was less in the last 8-month period than in the control group. This is reflected as a significant improvement in those patients in the intervention group; that is, the control and intervention groups each had 9 patients with NMSC in the first 8-month period. The control group also had 9 patients with NMSC in the last 8-month period, with only 1 patient with NMSC in the intervention group for this period.
shown here, reflects a radical attack on a polyunsaturated fat (PUFA) to produce a PUFA radical:
In the presence of molecular oxygen, the PUFA radical yields a fatty acid peroxy radical:
The fatty acid peroxyl radical, by hydrogen abstraction from an adjacent fatty acid, yields unsaturated hydroperoxides and a fatty acid radical that can propagate this chain reaction throughout a membrane.
Experimentally, the level of UV-induced cutaneous lipid peroxidation is a direct function of dietary lipid intake ( Figure 6 ), 21 a fact compatible with the supposition that an increased source of free radicals can diminish natural antioxidant defenses and exacerbate carcinogenesis.
Type of fat. A considerable body of evidence has accrued over the years that demonstrates the influence of polyunsaturated fatty acids on carcinogenesis. We have seen that, within a physiologic range of dietary lipid intake, a linear relationship exists between omega-6 fatty acid intake and UV carcinogenic expression ( Figure 2 ). Omega-3 fatty acids, such as eicosapentaenoic acid, have an even higher iodine number (the proportion of unsaturated linkages) than does LA (omega-6) and thus represent an even more vulnerable target for free radical attack. However, in 1989, it was shown that feeding a dietary omega-3 fatty acid source, contrary to the exacerbative influence of omega-6 fatty acids, resulted in significant inhibition of UV carcinogenic expression. 40 The influence of both types of dietary fatty acids on UV carcinogenic expression is compared in Table 2 .
Both omega-6 and omega-3 fatty acids are polyunsaturated, and it would be expected that lipid peroxidation rates would be even higher when omega-3 fatty acids are fed. Indeed, it has been demonstrated in human skin shave biopsies that with increased percentage of omega-3 fatty acid content, a rise in lipid peroxidation results. 41 The fact that both fatty acid sources elevate lipid peroxidative rates, whereas one exacerbates and the other inhibits UV carcinogenic expression, casts doubt on the essential role of lipid peroxidation, per se, in UV carcinogenesis. It is now clear that a distinction must be made between these 2 types of polyunsaturated fatty acids with respect to their influence on carcinogenesis. Furthermore, one is compelled to explore alternative explanations to lipid peroxidation as a major component of the UV carcinogenic process. This issue will be discussed in a later section of the review.
Supplement the Diet With 1 or More Antioxidants
The third dietary recommendation to reduce free radical-mediated damage was to supplement the diet Figure 6 Relationship of cutaneous lipid peroxidation level to dietary lipid intake. Levels of thiobarbituric acid-reacting materials (nmol/mg protein) approach linearity (regression line) with the log of omega-6 fatty acid intake. 21 with 1 or more free radical reaction inhibitors, that is, antioxidants. The rationale for this recommendation is that antioxidants scavenge free radicals or terminate the reactions initiated by them, as exemplified by their influence on lipid peroxidation. In this case, an antioxidant can spare an adjacent fatty acid from attack by the fatty acid peroxyl radical as in Equation 3 above, for example,
The antioxidant (AH) reacts with the peroxy radical instead to yield a hydroperoxide, thus terminating the autocatalytic chain reaction of lipid peroxidation. However, antioxidant function is much more complex than just radical scavenging, and the following are 2 examples of how physicochemical mechanisms observed in vitro, under controlled chemical conditions, may be illusory with respect to the pathophysiologic response in carcinogenesis, specifically UV carcinogenesis.
Influence of butylated hydroxytoluene (BHT) on UV carcinogenesis.
BHT is a synthetic phenolic compound that has been used as a food antioxidant since 1954. The structure is shown here (Structure 1):
The anti-UV-carcinogenic activity of BHT was first demonstrated when the antioxidant was provided as an ingredient of a mixture of water and lipid soluble antioxidants. 42 BHT was later shown to be the most active principle of the antioxidant mixture. 43, 44 BHT provided significant protection against UV-induced carcinogenesis, both with respect to tumor latency and tumor multiplicity, and, as shown in Figure 7 , reduced the severity of those tumors that did occur.
It has been assumed that the mechanism by which BHT exerts its anticarcinogenic activity involves the quenching of ROS and lipid-soluble radicals. The mechanisms of reaction of BHT with hydroxyl (•OH), peroxyl (ROO•) radicals, and singlet oxygen ((O 2 ( 1 ∆ g )) are depicted in Figure 8 . The mechanism of reaction of BHT with •OH does not proceed by direct electron transfer but rather by •OH addition, followed by an acid and base catalyzed elimination to yield the phenoxyl radical. The inhibition of radical chain reactions, as in lipid peroxidation, proceeds via reaction with alkyl peroxyl radicals. One molecule of BHT is able to react with 2 peroxyl radicals to yield products that are stable to further reaction. The reaction with singlet oxygen involves the formation of an encounter complex, the collapse of which may give rise to product formation or the parent ground state molecules. 45 There are, of course, free radical reactions involving other in vivo targets. These include, but are not limited to, strand scission of membrane proteins and protein cross-linking. 15, 39 Of particular importance is disulfide cross-linking, resulting from oxidation of sulfhydryl groups (Figure 9 ). Studies of the mode of BHT's photoprotective action had indicated that the transmission of UV through the epidermis was diminished in BHT-fed animals. 46, 47 The maximal levels of BHT that accrued in skin would absorb no more than 1% of the incident UV radiation, and the mean thickness of the skin did not change after BHT feeding; that is, BHT did not induce epidermal proliferation. Based on these observations, it was suggested that BHT present in the stratum corneum might alter the chemical properties of this tissue and, in doing so, increase absorption of UV radiation. When stratum corneum, the nonliving outer layer of skin, was isolated and transmission of UV radiation through the stratum corneum measured, control animals exhibited 65% greater transmission than that from BHT-fed animals ( Figure 10 ). 48 This suggested that almost all of BHT's Significant comparisons of tumor latent period and tumor multiplicity, respectively: 4% corn oil versus 0.75% corn oil, P < .02, P = .004; 4% corn oil versus 4% menhaden oil, P = .002, P = .002; 4% corn oil versus 12% menhaden oil, P < .001, P < .001; 0.75% corn oil versus 12% menhaden oil, P < .004, nonsignificant (NS); 4% menhaden oil versus 12% menhaden oil, P < .02, NS. Other comparisons were not significantly different.
protective effect could be explained by UV dose diminution, that is, by absorbing UV in the stratum corneum and protecting the basal layer of the epidermis from UV induction of carcinogenesis. Further evidence that the BHT effect on epidermal spectral absorption is delimited to the stratum corneum was obtained from studies of UV-induced ornithine decarboxylase (ODC) activity. UV-induced ODC induction is inhibited in animals fed BHTsupplemented diets. 49 However, when the stratum corneum of BHT-fed animals was stripped away and then exposed to UV, the normal level of UV induction of this enzyme was almost completely restored (Table  3 ). There were no changes in physical parameters of the stratum corneum (eg, thickness or the number of cell layers) between treatments. Thus, the effect appeared to be chemical in nature.
Stratum corneum is largely composed of the protein keratin, and it matures (differentiates) via oxidation. It is hypothesized that BHT, with its strong antioxidant capacity, prevents oxidation and the formation of disulfide cross-links. The degree of disulfide crosslinking has long been known to alter the x-ray diffraction pattern of keratin, 50 and therefore, it would certainly be expected to influence optical properties. As a consequence, BHT would be expected to exert its major anticarcinogenic effect during the initiation stage (irradiation) of UV carcinogenesis. Based on this rationale, BHT's anticarcinogenic action was examined in crossover feeding studies in which 2 of 4 groups of animals were fed diets containing either no BHT or diets supplemented with BHT. After a tumorinitiating dose of UV had been delivered, 1 group of each of the respective treatments was crossed to the opposite treatment. Tumor incidence data supported the contention that BHT exerted its major effect during the period in which the initiating incitant was administered and were compatible with a mode of action of UV dose reduction. 51 Whereas the exact mechanism(s) of BHT's photoprotective properties remains speculative, its mode of action appears to be UV dose diminution.
Influence of β-carotene on UV-carcinogenesis. β-carotene (Structure 2) is a tetraterpenoid consisting of 8 isoprenoid residues:
This carotenoid, 1 of about 100 that have been identified in foods eaten by humans, 52 is widely distributed as a naturally occurring constituent of fruits and green leafy and yellow vegetables. β-carotene is a powerful singlet oxygen quencher and exhibits strong antioxidant properties. 53, 54 Based on these properties and epidemiological studies on foodstuffs rich in β-carotene, it was suggested that individuals with an above-average intake of the carotenoid might experience a lower cancer risk. 55 A large number of epidemiological studies have examined the association between β-carotene-rich food intake and risks of certain types of cancer. 52, 56 The associations have been strongest with lung cancer, with almost all studies showing an inverse relationship between blood β-carotene levels or total carotene status and lung cancer risk. 52 A case-control study found that the incidence on NMSC was inversely related to the level of serum β-carotene. 57 Indeed, experimental studies conducted in the 1970s and 1980s had shown that βcarotene provided significant protection to UV carcinogenesis. [58] [59] [60] Recently, however, the role of β-carotene as an anticancer agent has been questioned as a result of intervention clinical trials in which the incidence of NMSC was unchanged in apparently healthy and wellnourished subjects receiving a β-carotene supplement and in β-carotene-supplemented smokers who suffered a significant increase in lung cancer occurrence. [61] [62] [63] In addition, laboratory studies, employing βcarotene-supplemented semidefined diets, in contrast to earlier studies employing commercial closedformula rations and in which photoprotection had been observed, not only failed to demonstrate a Figure 9 Potential effects resulting from free radical attack on biological membranes. 39 Effects on membrane protein include strand scission and cross-linking. Oxidation of sulfhydryl groups results in disulfide cross-links. Lipid-lipid cross-links may also occur. Malondialdehyde formation is a result of lipid peroxidation. Adapted from Freeman and Crapo. 15 Reproduced from Black 39 with permission from the American Society for Photobiology. Figure 10 Average transmission spectra for stratum corneum from animals prefed butylated hydroxytoluene (BHT)supplemented and control diets. 48 Three scans on each of 8 samples of stratum corneum were averaged and areas under each curve calculated for the respective experimental and control groups. Closed circles = control; open circles= BHT supplemented. protective effect to UV carcinogenesis but also found significant exacerbation! 64 Matrix analyses of experimental variables, from studies in which photoprotective effects of β-carotene to UV carcinogenesis were observed and studies in which exacerbation occurred, 60, 64 suggested that animal age, β-carotene dose, and/or diet were the most probable causes of differences in response. Older animals were employed in the studies in which exacerbation had occurred, as these aged animals are chronically classified as mature and it was thought that their responses might be more comparable to those of adults participating in the intervention trials. [61] [62] [63] Subsequent studies demonstrated that there was indeed an age effect. 65 No significant differences in tumor latent period were observed among experimental groups of young animals fed the semidefined diet, regardless of β-carotene dose. However, tumor multiplicity was significantly greater at each β-carotene dose. Thus, young and older animals were equally responsive to β-carotene-mediated exacerbation of UV carcinogenesis with respect to tumor multiplicity, leading to the conclusion that animal age could not completely explain the different responses (ie, protective versus exacerbative) elicited by β-carotene supplementation. As animal age or β-carotene dose were not adequate determinants of carcinogenic response, it seemed logical that the presence and interaction with other dietary factors in the closedformula diet, and lack thereof in the semidefined diet, might be responsible for the disparate influences of βcarotene on UV carcinogenesis. Some explanation of the 2 types of diets employed in β-carotene studies is in order. Commercial rodent rations are examples of closed-formula diets. These are composed of feedstuffs such as milled grains, alfalfa, and so forth. The composition of these diets will vary with season, geographical origin, and market prices. Thus, the exact composition of each lot will vary and can never be exactly duplicated. It is this type of diet that was employed in all of the earlier studies in which β-carotene was shown to exhibit photoprotection. Semidefined diets are those formulated from refined foodstuffs, for example, corn starch, refined oils, casein, and defined vitamin and mineral supplements.
Pivotal to understanding the potential basis for these diverse carcinogenic responses evoked by β-carotene is the demonstration that while β-carotene exhibits good radical-trapping antioxidant behavior at normal partial pressures of oxygen, at higher oxygen pressures β-carotene loses its antioxidant capacity and shows autocatalytic, pro-oxidant effects. 66 Indeed, βcarotene has been shown to exhibit either limited antioxidant protection or to behave as a pro-oxidant under oxidative stress conditions. 67 β-carotene, under controlled physicochemical conditions, is highly reactive toward peroxy radicals, where the reaction may proceed via electron transfer to form the carotenoid radical cation (CAR •+ ) 68 :
Whether physiological conditions, such as localization and orientation of the carotenoid, or even levels of oxidative stress that may be achieved can modulate the capacity for this reaction in vivo is uncertain. However, the antioxidant mechanism for terminating the peroxyl chain reaction results in formation of the carotenoid radical cation, and once formed, the radical cation has a reduction potential of about 1000 mV and is, itself, a strong oxidizing agent. 69 Furthermore, depending on the micro-environment, this radical has a long inherent lifetime. The question arises whether these rather persistent radicals might contribute directly to membrane damage or indirectly to the prooxidant activity of the parent compound. The former would depend on whether the carotenoid radical cation could be repaired.
Based on electron transfer rate constants between various carotenoids and their interactions with vitamin E (α-tocopherol [TOH]) and vitamin C (ascorbic acid [AscH -]), a mechanism was suggested for the interaction of β-carotene with vitamins E and C that would ultimately result in repair of the β-carotene radical cation. (7) In this scenario, β-carotene repairs the tocopherol radical cation (formed after interception with an oxyradical) to produce the carotenoid radical cation (Equations 6 and 7). This in turn would be repaired by vitamin C (Equation 8 ): 
Thus, the reactions of Equations 6 to 8 have been proposed as a mechanism by which β-carotene not only participates in the quenching of ROS but also could enhance the radical-protective properties of both vitamins E and C. However, when vitamin C was either eliminated from the semidefined diet or increased 6-fold (compared to usual levels), β-carotene exacerbation of UV carcinogenesis was not ameliorated. Nor did 10-foldincreased levels of vitamin E influence β-carotenemediated UV carcinogenic expression. On the other hand, reduced levels of dietary vitamin E augmented β-carotene exacerbation of UV carcinogenic expression, suggesting vitamin E and β-carotene interaction. 73 The most recent dietary studies do not support the proposed mechanism of β-carotene radical cation repair by vitamin C (Equation 8 ), at least in animals that have no nutritional requirement for vitamin C. Thus, the mechanism(s) of β-carotene's procarcinogenic activity remains speculative. Nevertheless, the dietary studies demonstrate that diet can have a profound influence on β-carotene-modulated UV carcinogenesis, and modification of the mechanistic model could yet be useful in explaining the carotenoid's procarcinogenic properties. Whereas Equations 6 and 7, with the resulting formation of the β-carotene radical cation, could still explain the procarcinogenic activity of the carotenoid, how the radical is repaired remains in question: Car •+ + ? → Car + H + + ? (9) Equation 9 suggests that repair of the carotenoid radical cation is dependent on other factors, for example, other carotenoids, their isomers, or some as yet unidentified phytochemical(s). 74 These would not be present in the semidefined diets, leaving the carotenoid radical cation unrepaired, and could account for its procarcinogenic influence.
Reassessment, Refinement, and Recommendations
A considerable wealth of experimental and clinical information has accrued in the past 40 years since Harman 12, 13 first proposed his free radical theory of disease and the dietary steps to be taken to minimize free radical damage. Overall, these data have substantiated the involvement of free radicals in cancer development. The rationale for the dietary recommendations seemed well founded. Dietary antioxidants and lipids appear to be inextricably linked. Lipid peroxidation exemplifies the type of reaction initiated by free radicals, with unsaturated fatty acids being the primary center of free radical attack. Antioxidants act as free radical scavengers and can terminate these free radical-initiated chain reactions. However, it is these very dietary recommendations to reduce free radical damage that require qualification and refinement. Specifically, recommendations 2 (to minimize dietary components such as polyunsaturated fats that increase free radical reactions) and 3 (to supplement the diet with one or more antioxidants) require closer inspection.
Experimentally, it is evident that as dietary lipid level increases, tumor latent period is shortened and tumor multiplicity is increased. 7, 10, 21, 22 Certainly, it is clear that reduction of dietary lipid level can have a profound and significant impact on subsequent skin cancer occurrence in skin cancer patients. [35] [36] [37] [38] 75 However, the broad indictment of polyunsaturated fatty acids must be qualified to include only specific omega-6 fatty acids, as dietary omega-3 fatty acids inhibit UV carcinogenic expression. 22, 40 And even though optimum dietary omega-6/omega-3 fatty acid ratios in humans to reduce skin cancer risk have, as yet, not been ascertained, practical dietary advice with respect to percentage of calories from fat could make an important contribution to the management and prevention of skin cancer.
Lipid peroxidation. Certain anomalous observations pose the question as to the role that lipid peroxidation plays in carcinogenic expression. For example, omega-6 and omega-3 fatty acids are both unsaturated and represent prime targets for free radical attack. However, these fatty acids have opposite effects with respect to UV carcinogenesis: the omega-6 exacerbating while the omega-3 fatty acids inhibit carcinogenic expression. Furthermore, the antioxidants BHT and β-carotene are able to efficiently inhibit lipid peroxidation in biological membranes, yet under certain dietary conditions, the latter may have opposing influence on UV carcinogenic expression. Indeed, the influence on UV carcinogenesis of both antioxidants has been reported to diminish as the level of dietary fat decreases, pointing to the involvement of lipid peroxidative reactions that increase in a linear fashion to dietary lipid level intake. This is reflected in Figure  11 in which the effects of an antioxidant supplement containing BHT on cumulative tumor incidence plots clearly demonstrate that the antioxidant inhibitory effect washes out as the dietary lipid level is lowered. Nevertheless, the relationship of BHT to lipid peroxidation and carcinogenic expression is not as straightforward as it first appeared. Unlike the apparent linear relationship of dietary lipid level and carcinogenic expression just noted, no such relationship has been observed with tumor multiplicity and lipid peroxidation. Tumor multiplicity decreases as dietary lipid level is decreased, yet antioxidants reduce cutaneous lipid peroxidation and tumor multiplicity to levels that are constant, regardless of dietary lipid level ( Figure 12 ). Antioxidants, with respect to tumor latency, produce an inhibitory effect almost equal to the degree of exacerbation of carcinogenesis evoked by increasing lipid levels. These data strongly imply that free radical reactions, specifically lipid peroxidation, play a role in only that part of the UV carcinogenic response that is modified by level of dietary lipid. It should be emphasized that the exacerbative influence of dietary omega-6 fatty acids occurs during the postinitiation phase of the carcinogenic process and that the omega-3 fatty acid influence is manifested throughout the carcinogenic process. These observations compel one to explore alternative mechanism(s) to lipid peroxidation, per se, as an explanation for both dietary lipidmodulated UV carcinogenesis and its inhibition by antioxidants.
Lipid peroxidation, for the most part, has been determined by estimating products that will react with thiobarbituric acid (TBA-reactive materials) to form stable products, for example, malondialdehyde. 76 Whereas rates of lipid peroxidation as noted above may, in themselves, be an unreliable indicator of cancer risk, lipid peroxidation leads to the formation of a number of bioactive intermediates, for example, prostaglandins (PG), thromboxanes, and leukotrienes, that may influence carcinogenic expression. PG, particularly of the 2 series, are important participants in the inflammatory response to UV and may act as physiologic immunoregulators. 77 Some studies suggest that these prostanoids act at the promotion stage of carcinogenesis, the point at which omega-6 fatty acids exert their maximum influence on UV carcinogenesis and that may be modulated immunologically. 78 In fact, it has been shown that suppressor T cell function is PGE 2 dependent. 79 These studies also demonstrated that UV-induced immune suppression can be abrogated by treatment with inhibitors of PG synthesis, inhibitors that also inhibit UV carcinogenesis. 80, 81 In this regard, omega-3 fatty acids compete for reactive sites on the cyclo-oxygenase enzyme and may shunt precursors through the lipoxygenase path, in effect reducing proinflammatory PG levels. Indeed, it has been demonstrated that omega-3 fatty acid supplementation in humans not only results in a small but significant rise in the sunburn threshold (the inflammatory response to UV irradiation) 41, 82, 83 but also reduces the basal and UVB-induced PGE 2 levels in skin. 84 PG synthesis may also be suppressed by reducing the level of hydroperoxide activator, possibly achieved by free radical scavengers or antioxidants that impede lipid peroxidation. 85 Therefore, omega-3 fatty acids not only act competitively with cyclooxygenase substrates (omega-6 fatty acids) to reduce PG levels, but they also exhibit a high requirement for hydroperoxide activator, an in vivo level that may normally be insufficient to promote rapid PG synthesis. Indeed, it has been shown that diets enriched with omega-3 fatty acids dramatically suppress plasma and cutaneous PGE 2 levels. 86 Furthermore, plasma PGE 2 levels exhibit a near linear relationship to the log of omega-6 fatty acid intake. 87 Epidermal capacity to metabolize arachidonic acid via the cyclo-oxygenase pathway was drastically inhibited in animals receiving dietary omega-3 fatty acids. These studies also demonstrated that high levels of omega-6 fatty acids suppress immune function, such as delayed-type hypersensitivity, whereas omega-3 fatty acids sustained a high level of immunoresponsiveness. When tumor transplantation studies were undertaken, tumor rejection was significantly greater in animals receiving various levels of UV and fed diets containing low levels of omega-6 fatty acids, but only at a time when the complete tumor-initiating dose of UV had been delivered. 88 This, of course, is the time (postinitiation) when dietary fat exerts its principal influence on UV carcinogenesis. Further studies involving the adoptive transfer of enriched T lymphocytes from irradiated animals fed high-fat diets to irradiated animals fed low-fat diets demonstrated that a major mode of action of dietary fat on UV carcinogenic expression occurs via modulation of immune pathways. 89 In total, these observations make a strong case that high-fat diets, specifically those rich in omega-6 fatty acids, potentiate UV carcinogenesis via regulation of prostanoid metabolism that subsequently suppresses immune responses that control the outgrowth of UV-induced tumors. The prostanoids are bioactive intermediates of lipid peroxidation. Because the polyunsaturated omega-3 fatty acids have the opposite effect on UV carcinogenesis, measurements of total lipid peroxidation rates may have little value in elucidating the role of lipid peroxidation on carcinogenesis.
Free Radicals, Antioxidants, and Cancer
Regardless of mechanism, it is apparent that future investigations must refine the assessment of lipid peroxidation with respect to the physiologic influence of intermediates in this complex, free radicalinitiated pathway.
Addition of dietary antioxidants. There are several caveats, based on the studies with BHT and β-carotene, that must be considered before indiscriminately recommending dietary supplementation with antioxidants. The first relates to the problematic attempts to predict pathophysiologic responses based on in vitro mechanism(s) of action. 90 Both BHT and β-carotene have been reported to exhibit comparable antioxidant capacity. The predicted anticancer properties of both were predicated on their capacity to quench ROS and terminate radical-initiated reactions. While both agents exhibit, under specific conditions, antioxidant properties, the pathophysiologic response to each is in contrast. BHT exhibits effective anticarcinogenic properties through rather specific in vivo effects that are unique to UV carcinogenesis (ie, UV dose diminution by altering the spectral transmission of the nonliving stratum corneum). β-carotene, on the other hand, has no such effect. 91 Indeed, under certain oxidative and dietary conditions, β-carotene may act in a procarcinogenic fashion. 92 The second caveat, reflecting a broader consideration when recommending antioxidant supplements, is the potential for producing other physiological untoward effects. A number of these effects have been noted previously for BHT 93 but include induction of hepatomegaly, effects on synthesis of clotting factors, induction of pulmonary cell necrosis, alteration of kidney function, possibly acting as a behavioral and developmental teratogen, and potential enhancer of certain chemically-induced cancers. 94 β-carotene, while shown to produce a number of beneficial effects in a broad range of experimental systems, has also been shown to enhance proliferation and DNA synthesis of cells induced by a tumor promoter, to stimulate early induction of ODC, 95 to enhance endothelial cell growth and transforming growth factor-α levels, 96 and to induce cytochrome P450 enzymes with a subsequent overgeneration of ROS. 97 The difficulties in understanding the physiological responses evoked when supplementing the diet with 1 or more antioxidants are manifested by factors such as target tissue concentrations, absorption by the target tissue, rate constants for radical reactions, localization and mobility with respect to hydrophobic and hydrophilic domains, and turnover rates of the antioxidant in the respective tissue and regeneration or recycling-all factors that will affect antioxidants' physiologic efficacy. 98 These complexities are exemplified, for example, by the different anti-/procarcinogenic responses of β-carotene but are relevant to any antioxidant that is introduced into the cells' complex milieu, with their own balanced and intricate antioxidant defense systems.
The addition of an antioxidant to the diet to limit potential free radical-mediated damage no longer represents a simple or fail-safe approach to cancer prevention. The 2 agents discussed, BHT and β-carotene, represent the proverbial 2-edged sword, acting under specific conditions as either antioxidant or prooxidant and in anticancer or procancer roles, thus, at times creating a threat to the very host they were intended to serve. This concern was raised by the International Agency for Research on Cancer working group when they concluded that it should not be assumed that β-carotene is responsible for the cancerprotecting effects of diets rich in carotenoid-containing fruits and vegetables. 52 After all, it was the consumption of such foodstuffs on which the anticancer effects of β-carotene were initially suggested, not on the carotenoid itself. 55 Although we may know much regarding the physicochemical mechanism(s) of antioxidants, until more is known of the influence of these agents on the in vivo side of the equation, dietary supplementation with antioxidants as a means of cancer prevention would appear to be a course not without risk and should be approached cautiously.
